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ABSTRACT 

An experirneut  was  carried  out  to  determine  the  feasibility of utilizing  weather  radar (WSR-57) to  obtain  air 
trajectories  over  tens of miles at  altitudes less than 5,000 f t .  above  the  ground. 

Five  constant  volume  balloons  (tetroons) wpre released each  carrying a lightweight  (about 150 gm.)  transponder 
which upon being interrogated by the WSIt-5i radar  would  transmit  an  identifying  signal. All flights were  successful 
and  the  transponder  signals  provided  positive,  unambiguous  target  identification a t  ranges  and  altitudes where the 
gronnd  clutter  made  direct reHective positioning  impossible. 

Although  the  purpose of the  experiment  was  to  test  the  tracking  system,  data of particular  interest were  ob- 
tained  from  the  simultaneous release of a  pair of tetroons  which were tracked  for  more  than 2 hours  to  beyond 20 mi. 
Analysis of these  two  flights  provided  values of the  relative  dispersion Y 2  proportional  to t 3  and  larger,  as well as show- 
ing  negative  separation  rates.  These Hights also  provided  estimates of viscous dissipation ( E )  comparable  to  data by 
other  investigators  and  illustrate a possible technique  for  relating  the  energy  transfer  to  and  from large-scale features 
of the flow. The  complexity of air rnotiolls  on the I K W ~ O S C ~ ~ ~  and  some of the  problems  associated  with  non-stationary 
non-homogeneous  turbulence fields are  readily  seen  from  these  flights. 

1. INTRODUCTION 

I t  has been demonstrated [ I ,  2 ,  31 that  direct  reflective 
or “skin”  tracking of constant  volume  balloons  can 
provide air  trajectories  and wind con~ponent  data  to 
significant distances.  However,  the  radars used  in  t’hese 
experiments (SPlivI, BPS-16, SCR-584, Mod J I ,  and 
11.1-33) were  designed  for target  tracking  even  though 
the SPlM  had been  modified  for weather  surveillance. 
An attempt  by t’he staffs of the  Weather  Bureau  Re- 
search Station  and  Weather  Bureau  Airport  St’ation, 
Cincinnati  to  track  metallized  tetroons  with  at’tached 
passive refiect’ors  using the WSR-57 at  Covington, Ky. 
was unsuccessful.  Primarily  because of the  ground 
clutter, t he  tetroon  could  not  be  positively iderlt’ified 
within about 25 mi. of the  radar  and  the signal return 
was never  very good. 

Early in the  tetroon  program  the  desirabilit’y  and  prob- 
able necessit’y of using a  posit,ive  electrornagnet’ic  signal 

to  track  and  identify  the  floating  tetroon was  recognized. 
Mr. Earl  Pound of t’he  Cordin Co., Salt  Lake  City,  Utah, 
developed  a  preliminary  model  for  use  with  the APS-3 
radar  at  the  Weather  Bureau  Research  Station,  Idaho 
Palls,  Idaho.  A  tethered  balloon  static  test of the  trans- 
ponder  principle  showed  promise, but this  particular 
radar was inadequate for  tracking  purposes. 

The existence of an extensive  network of weather 
radars, specifically the  Weather  Bureau’s WSR-57 sys- 
tem, suggested that  a WSR-57-tetroon-transponder sys- 
tern  would create  an  ability  to  obtain  air  trajectories in 
a wide variety of locations  and  reduce  our  dependence on 
scarce and busy  tracking  radar.  The  Cordin Co., under 
Weather  Bureau  contract,  constructed  a series of proto- 
type  operational  transponders  for  this  purpose.  To  be 
successful and  practical  these  devices  had  to  meet  rather 
stringent  requirements.  They  had  to be - sufficiently 
lightweight to be  carried by a  small  tetroon  and to present 
no  significant  hazard  to  aircraft.  They  had  to  respond 
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only to radar triggering by  the  WSR-57's (i.e.,  only i n  
the 2700-2800 megacycle sec." band). The  transponders 
had t'o transmit  identifiable  signals  over a period ol' scvernl 
hours  and  with  a  power  output  sufficient to  be  detectable 
over several tens of miles at  least.  And  last but not 
least,  the  cost of t,lle  operational  production models 
should  be  suffkient'ly  low to permit  quantity  usage. T h e  
transponders used essentittll>T satisfied  these  requirelllents. 

2. TRACKING  SYSTEM 

The  tracking  system  consists of t~ radar,  in  this ('ase 
R TlrSR-57, IL tetroon-borne  transponder, ant1 a trans- 
ponder  receiver.  Figure 1 is a schematic  drawing of' t h e  
system.  The  principle of operation  is  simple. The radar 
scans in azimuth  and  elevation  until  the  transrnittrd 
radar pulse  impinges 011 t'he transponder  receiver. This 
received  signal triggers  the  transponder  trttnsrrlitter \vllic.tl 
emits a nornirlal 403 mc. see" signal. This transnlitted 
signal  is  det'ected by t t r l  antenna receiver  systenl :md 
then fed into  t'he  video  circuit of the r d n r  and displttyed 
on t,he several (PPI, BHT, and R/A) radar scopes. The 
transponder  posit'ion  in space is  oht'ained from the direc- 
tional  orientation ol t'he radar antenna  (completely arltrl- 
ogous to direct  target  reflection) and t'he range. The  
latter  is determined by  the t'irne delay  bet8ween  the  trans- 
nlitted  radar  pulse  and  the  ret'urning t~rmsporltler signal. 

Nadur.-The radar  used  was  the st'andard Weather 
Bureau WSR-57 ttt the WBAS,  Cincinnati,  Ohio.  This 
radar has a wavelength of 10 cm.  and a norrlirlal power 
output of 500 ku-.  Additionul  det'ails on this  equiplllent 
have been described by Rockney [4]. The  ratlnr can be 
operated  in the search  (rotating)  mode at a nlaximum 
rate of 4 r.p.m., or it can he rnwnually positioned on tt 

target.  This  lttt,ter  technique wws found  the most 
satisfactory. 

Tetroons.-- The tetroorls used in  this  experiment are the 
Mylar  balloons  construct'ed  by  the G .  T. Sclljeld~thl C'orp. 
T h e  tet,roons are approximately 60 in. on a side  with t~ 

nominal volume ol 1 m.3 when  super-pressurized  to 10 r n b .  
T h e  balloon  weight  is  approximately 440 grn. The parti- 
cular  tetroons  used  here  were  made of' clear  Mylar. The  
aluminized film of previous  balloons was ornit'tetl  since 
t,ests have  shown  that  the filnl adds  little  to  the target 
return  from  this  shape  balloon  but' does add subst:lntially 
to  the cost'. 

Transponder.-The elect'rorlic details  and  the  circuitry 
of t,he  t'ransponder will not be included  here.  However, R I I  

earlier  version has  been  discussed by Dickson  and Pound 
[ 5 ] .  Figure 2 is a photograph of t'he  transponder. It c m  
be seen that  i t  consists  largely of solid state electronic com- 
ponents to save  weight and space. Power was supplied 
from a 1.5-volt  alkaline dry cell battery and a 15-voltl B 
battery  (photoflash  type).  Production  models will be 
cased in a foamed  plastic for rigidit'y and weather  pro- 
tection. The receiver  portion of t'he  units was designed 
for use  with  the WSR-57 radar  and receives radar  signals 
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over :t nolnin:tl 1 I I I C .  sec. -' handwidth  in the range 2700- 
2800 mc. sc('.-' to be compatible  with t'lle WSR-57 fre- 
quencies. The  transmitted signal is a nominal 403 mc. 
sec .2  with  provision  for  tuning of the  individual trans- 
ponders over a relatively IMTOW bandwidth.  The advan- 
tage of' t'llis feature will be  discussed i n  a later section. 

l?~ceiwr.~--The transponder  signal  is  detected by an 
FhlQ-2  receiver nlodifietl Tor B X 1  reception and loaned to 
the project by the Tnstrunlental  Engineering Division of 
the Weather  Bureau. A high  gain  yagi antenntL  fed the 
signal  to t'tle  receiver from a location on the airport ter- 
m i r d  building roof immediately above the radar console 
(to nklirnize  the  line loss from  long  coaxial  leads). At 
first' the signal ~ t l s  fed to  the r:rdar  video  circuit through a 
"mixer", but lack of impedance  matching  resulted in a 
lttrge  signal  loss. After  further  receiver modifications (by 
l l r .  Pound)  it  proved possible to feed the  signal directly 
from the FllCd-2 receiver to  the rt~dar and in parallel with 
the regular radar signal.  This  technique has the major 
ndvuntuge ol' permitting  t'he use of the radar either for 
tetroon  tracking or for weat'her  observations, simply by 
reducing  the rttdar video  gain to zero for tetroon tracking 
or alternatively  setting  the SMQ-2 receiver  gain to zero 
for we:ttllc.r observations. No significant, in  fact no de- 
tectable  change  in  the  normal  weather  echo  signal returns 
was introduced by this  method, a very  real advantage 
when using an operational  weather radar. 

3. TEST  DESCRIPTION 

Five  tetroon-transponder  flights were made using the 
WSR-57 radar of the WBAS a t  the  Boone C'ount'y Air- 
port, C'ovington, Ky., located  about 10 mi.  southwest of 
downtown  Cincinnati,  Ohio.  Table 1 lists pertinent 
release data. 



The objectives ol' these  tests \yere to:  test  the  trans- 
ponder  signal  life versus time and distance;  test  the  fcasi- 
bi1it)y of using  t'he WSR-57 for transponder  detection and 
tracking;  deterrnine the  best IVSIt-57 tracking  proce- 
dures; test  the  ability to : qu i r e   t he  transponder  signal 
when the  t'etroons were launched a t  considerable  distances 
from the  radar; and determine  (approximately)  how close 
to the ground we could  detect  the  transponder when a b  
distances in excess of 10 mi. 'I'hese ohjectires were satis- 
fied, and  elated by thc success of the first two  flights, we 
decided (essentially 011 the spur of the  nlornent) to at- 
tempt  to  release and track  two  transponders  sirrrultane- 
ously. These flights, numbers 3 and 4, indicated one can 
indeed track  two  tetroons  alt'ernntely  with :I single radar 
and provided the most  interest'irlg tl1eterologic:d inrorma- 
tion of' t'he  entire  series. 

1 ."" ~ . ~ ~ ~ .  
0115 8 

19.4 82  7 . 8  266 2056 7 11. (i 
2""""". 51 6. 5 

54. 4 54.4 88 <0.5 120 2053 8 6.""""" 
20. 9 19.2 121 1 . 7  124 1806 8 4""""". 

2 21. '3 20. 4 135 I. T 124 1806 8 3.""""" 
112.5  15.4 95 

1 Found 2130 GMT, M a y  8 at Lapel, h i ,  105 mi.  northwcst of launch sitr. 
2 Found June 11 "top of Black Mountain, Lynch, Kentucky", 185 mi. southeast o f  

.~ 

launch site. 

In ttw  rolling  countryside around the  (~'ovington  area, 
and at  the  distances  the  t'etroons were Iaunehed, i t  was 
not possible to obt'airl :t positive radar irrdicat'ion of the 
transponder  signal  with  the  trtmsponder  held  at,  ground 
level. In the  absence of  :my7 method  at  the  launch  site 
for  deterrrlining if t'he  trwnsponder  was  actually  working, 
static  tests were made by lifting  the  transponders  to 
between 100 and 400 ft.  with n 100-gln. pilot'  balloon. 
This  action  served  two  purposes.  First, a positive  signal 
at ttle radar insured that  the  transponder was working 
and ready for flight. Second, since the launch  points 
were chosen uti hoc  there WRS no positive  way of knowing 
exactly  where  the  release  crew  was  located  until  the 
trt~nsponder signal  was  identified. 

The  procdure followed was to  dispatch  the  launch 
crew to a 1oc:ation such t,hat  the  estimated flight path 
would not cross the  airport'.  This  crew  located a suitable 
launch  site,  advised  the  tracking  crew at  the  radar of 
their  approxirnate  location  (by  mobile  radio)  and sus- 
pendcd the  transponder  under a tethered balloon. The 
tracking  crew  then searr1lec-l the  approximate  azimuth 
until  t'he  transponder  signal  was  identified  and  the FMQ-2 
receiver  tuned to maximurn  signal  output.  The  launch 
crew nreanwhile inflated and ballasted a tetroon,  and 
after  advice  that the transponder  was working properly, 
attached  it  to  the  tetroon.  Preaddressed  postal  cards 
w7er.e attached to try to determine  tetroon  trajectory  end 
points. Aft,er  a  final systems  check  a  1-minute  count- 
down  culnlinnted  in t'he tetroon-t'ransponder release. 

Following  release, the  tracking  crew  adjusted  the radar 
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azirnutl~  and  elevation  angles  to  maintail1 Imtxinlum 
signal out'put  as  measured  by  the  signal  height on the 
R/A scope. From  time to time  t'he  radar  position was 
optimized and  the FMQ-2 receiver tuned  to  obt,ain  maxi- 
mum R/A scope output.  There was  surprisingly  little 
frequency  shift  in  the  transponder  signal  unless  the 
tetroon dt i tude change  caused  significant  tenlpernt'ure 
changes.  Once  t'he tetroons  reached  flight  alt'itude  any 
frequency  shift  was negligible. 

These  t'ests  show  the rrlininlutn  crew for  tetroon  flights 
is probably  two  men at  the  radar  and  two  at t'lle 1:tunch 
site. At  the  radar one r n a n  can  tune  the FMQ-2 receiver 
and  obtain  range  data from the R/A scope. The second 
man  can  operate  the  radar  ant'erma  azimuth  and  elevat'ion 
controls and  obtain  the balloon  azimuth  and  elevation 
from the PPI and  RH1 scopes  respectively. 

I t  should be  mentioned  that  positive  communication 
between the laurlcll site arld the  radar corlsole is R must, 
a t  least  when  the  tet'roons are launched  beyond  visual 
range. 

It was anticipated  that  other high-powered  arld  nearby 
radars would trigger  the  transponder  but we believed  this 
spurious  triggering  would not int'erfere  with  posit'ioning 
since  t,he lack of signal  synchronization would prevent 
the  result8ing  t'ransponder  signal  frorn  creating a coherent' 
echo or1 the WSR-57  scopes. Fortunately  the  (lovingt'on 
FAA radar  provided a verification of this.  While  the 
transponder  was  within  about 1% mi. of this r d a r  it' was 
triggered, but t'he  transponder  return  was  scattered all 
over the scopes and easily  distinguishable from the desired 
WSR-57 induced  signal.  Avoidance of' this  condition is 

possible by launching from a location  not affected by 
extraneous radars. 

The  overriding  objective of this  experirnent, was  the test 
ol  the  radar  transponders  and  the  ability of the radar- 
tjransponder-receiver  system  to  give  meaningful air tra- 
jcctories. All other  possibilities  were  subordinate to this 
test. In spite of this  single  purpose  approach, interesting 
meteorological data were obtained  from  Flight 2, and 
part'icularly From the  dual release of Flights 3 and 4. 
These  latter  have been  analyzed  more  extensively and will 
be discussed in a later  section. 

Tetroon  positions were derived  from  azinluth, elevation, 
~ n d  range tlat'a from the WSR-57 radar.  Tetroon heights 
are  the  heights  above  the  radar a n t e m a  which was 80 f t .  
above  the  ground  and 950 ft. above mean sea level. A 
quantitative evaluat.ion of posit'ioning  accuracy  can not be 
rllade  wit'h the  data  at  hand.  Qualitatively, however, the 
tetroon  mnge  change  was  det'ectable  to  better  than l/lOO 
11. m i .  on  the  R/A  scope,  and  azimuth  to  better  than 1/10 
degree  (beyond 1 to 2 mi.).  Heights were  less certain 
although changes in  height of 200 to 400 ft.  appear to be 
readily  detectable. 

The  trajectories  obtained from Flights 1 and 2 are shown 
in  figure 3 .  'The times  after  launch  are  shown along the 
flight, path. 

Flight I.-.This initial flight'  climbed t'hrough a surface 
layer of etmterly  winds into a westerly  wind flow aloft. 
Since  this  flight was made  with  the video  mixer in  the 
circuit,  the  signal  return was less satisfactory  than on later 
flights  when  this  feature  was  eliminated. 

Flight ,Z-'I'his tetroon was launched  from  the Gest 
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possihle to use a long titlle  series ol  two-part'icle position 
dtlt:t to  infer erlserllble statistics  lor  shorter periods. 
Although we were  reitsonably  certain that t'he turbulence 
field  would not meet  these  requirements? we  were suf- 
ficierltly encouraged by  results of previous  flights to make 
:it least a single  "two-particle''  release. 

The  weather WilS excellent  for  the  test'. Visibilit'y was 
good :tnd the sky cover  consisted of scattered cumuli 
with  broken  to overcast cirrus  layer. The lower layer 
of tlle attnosphcrc  appeared t'o be  moderately unstable 
a n t 1  well mixed.  Figure 5 shows  the 1800 GMT weather 
111:tp ttndysis  (taken  from  the DuiLy Weather Map series) 
for May 8. The  tetroons were very  carefully inflated to 
the same super-pressure and ballasted t'o as  nearly identi- 
till free lift :is possible.  Inflation  was  in  the enclosed 
grease rack area of a service station  run by a most accom- 
rllod:iting ( a n d  curious)  operator.  For these flights the 
trarlsporlders were tuned t'o slight'ly  different' frequencies 
(401 and 406 mc. sec.-l). After  both  transponders were 
(leternlined to be working,  the  two  t'etroons were launched 
(dnlost) sirrlultnneously.  Llctually  one tetroon caught 
Inornentarily on :I cwf7 button  and was  released about 3 
s w .  (trpproxinlat'ely- 15 111.) behind  the  first. 

'I'rwking mas begun  immediately by tuning  the FMQ-2 
receiver  to a trarlsponder  frequency  and the radar opera- 
tors ther! scmnetl  rapidly  over  the  approximate azimuth 
>it1<! elevation  until a good  posit'ion fix was obtained. The 
receiver was then  rapidly re-t'uned to t'he alternate 
tr:msporlder frequency  and  the  process  repeat'ed. This 
i l  se:rrc.h >ind fix'' procedure never  permitted the simul- 



taneous  positioning of the t'wo tetroons,  but for about 
the first' 90 min. of the flight only I or 2  rnin.  separated 
the  tetroon fixes. The tetroon  t'rajectories, and  the  tinles 
t'hey  were  positioned, are  shown  in  figure 6. Also included 
in this  figure  are  isochrones a t  5-nlin.  intervals. It is 
inlnlediately evident tl l t l t  one tetroon was dterntLtely 
ahead of, then  behind,  the  other. Three such  reversals 
of position  occurred. S o t e  also that  the two  trajectories 
crossed three  times. It is also apparent  from  this illus- 
tration  that  it  took  longer  (became  increasingly tlific.ult) 
to switch from tetroon  to  tetroon  near  the end of the 
flight. ('ontrary to our expectation we found  thtlt, the 
relatively broad radar bear~l did not trigger  the  trans- 
ponder unless the  antennu was very carefully  directed 
t'oward the balloon. Beyond 1 or 2 mi. R slight change 
in ant'ellnu  position  could be observed us A definite  de- 
crease in signal strength.  This  sensitivitS  is  gratifying 
i n  terms of the  accuracy of positioning but   i t  adds to  the 
burden of ma11utd tracking tnld essentially rules out  the 
use of the  radar in the search  (rotating)  mode. 

The three-dinlensionatl positions of these  tetroons  give 
data that  tan be  examined in at  least  three ways: first, 
using the  joint  statistics to  look at  the  relative  positions 
and  separation  rates;  second, cornparing the statistics of 

each flight to see what' differences result  even  from  si~nul- 
tnrleous releases; third,  to  determine  what  information 
on lrleteorological paranleters can  be  derived  and if there 
are recognizable patterns. 

a. JOINT STATISTICS 

Since  the  tetroons could not be  positioned  sinlultane- 
ously,  and  since t>he intervals  between  positions  were 
irregular, it was  necessary to derive  sets of continuous 
statistics. 'Phis was accon~plished  by  determining  the 
actual x, y, t ~ l d  2 tetroon  positions  and by linear  interpo- 
lttt,ion a t  2-rnin. intervals  deriving a time series for these 
variables.  Since  the average trajectories were almost 
exttctly  east-west a rectilinear coordinrtte system  oriented 
east-west' ( x ) ,  north-soutll (y), and vertically ( 2 )  was used. 
Thus division of t'he change A x  by the time  int'ervd At 
('2 rnin.)  gave the longitudinrtl  values u;  similar1)- 
A?y/At gave z?, arid AziAt gave w. 

Since this section was opened with remarks  concerning 
t'lle use of' this  technique  in diffusion experiments,  this 
aspect will be  discussed  first.  Figure 7 shows  t'he  tetroon 
separation  distances  versus  time. The four curves show 
the  total three-tlimensiorlirl separat'ion R and the indi- 
vidual  components of this  total, AX, A Y ,  AZ. The most' 
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obvious and  perhaps most' interesting  aspect  is  that the 
balloons did  not  continually move farther  apart.  We see 
that  near 32 ~n in . ,  69 rni11., and 84 nlin.  t'he tetroons 
actually  began  to  move closer together.  This is particu- 
larly  striking  between 32 and 49 min. where  in 17 Inin. 
the  tetroons aft'er having  separated by almost tl mile 
closed to  within  about 200 111. total  separation and less 
than 100 111. separat'ion  in  each ol' t'he  component tlirec- 
tions.  From  t'his  figure we also  see that while, by  and 
large,  lateral  separation  was the dorninant  factor  there 
was a period (56 to 80 rnin.)  when  the I): or z separation, 
or both, were larger.  It' thus is  irnrnetliately  apparent 
why  repet'ition of' t'his  experiment over m a n > -  trials  (an 
ensemble)  would be required  to  obtain a reliable I I I C U S I I ~ A  

of t'he mean at'rnosplleric  dispersion rate. 
With  this  in  mind, and disclaiming any generdity,  it  

is still of interest'  to  examine  the  separat'ion  rates  since  to 
the aut'hor's  knowledge  these are  the  only  detailed  (lata 
on the  separat'ion of two  "particles"  over a 20-rni. trajec- 
tory. I t  should  be  noted  that  this  type of experiment is 
examining  "relative  dispersion" for which  Batchelor [7] 
indicated  separat'ion  rates  in t~ restricted  range  propor- 
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tional  to P. This  prediction  was verified by Gifford [8] 
through  the  examination of smoke puff data. Later the 
spreading becollles as t' and after a sufficiently long time 
the  rate dispersion  should  decrease  f'urther,  and eventually 
be  proportional  to t'. It lms long been the goal of tracer 
experitllents to  determine t'lle spatial  or  temporal scale at 
which  such  transitions  take  place. As far as t'his single 
test' is concerned,  the  goal  is  still t'o be  reached. Figures 
8 a n t 1  9 show the  (squared)  tot,al  separation and the 
(squared)  lateral  separation as a funct'ion of time aft'er 
tttroon release. Also shown  for  convenience  are separation 
rates proportionwl to various powers of the t'irne. In 
figure 8 two  things  stand out' clearly:  first',  that the 
separation over the  early  portions of the flights, and the 
total  separation  over 120 lllirl. is close to a t2 regime; 
sec~olltl, during  the  latter  portion of the flight the separa- 
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t'ion is  more  nearly  proportional  to t 3  or  even  higher 
powers of time. In  figure 9, the  lateral  separtition  seenls 
to be invariably  proportional to higher  powers of the 
t'ime, nearly  as t3 for  the  earl-  portion n n t l  t' or t11ore 
during the  later  stages. Of course, up till  now  nothing 
has been  said  about'  negative  separation  rates, nor is i t  
possible to say more  t'han  that'  the  event was observed 
and t'hat only serial  releases of two  tetroons ctm provide 
the data  needed  for a complete  experilllent. 

b. COMPARATIVE  STATISTICS 

We  t'urn  now  to  comparisons of the  data from the 
individual  flights.  Figure 10 shows  the  unsrlloothed 
height' profiles for  the  two  flights and derived  wind  speed 
profile dat'a  (along  the  right  ordinate).  These  latter  data 
were obtained  by  determining,  for  the  indicated  height 
intervals, the  time  and  distance  traveled  by  each  tetroon 
while in  each  layer.  From  this  information  wind  speeds 
were computed.  The  most  significant difference in the 
two flights  is  obviously the  much  larger  vertical  amplitude 
of the  middle oscillat'ion of Flight 5.  There  is also a phase 
difference in  the  timing of major  vertical  motions. In 
order to exanline  this  further,  autocorrelations of the 
individual  c*onlponerlts  were calculated m d  these RIT 

662387--62"-2 

shown  in  figures 11, 12, and 13. (Spectral  analyses  might 
have facilitated  comparisons, but  for a  single  experiment 
and  with t'he  knowledge that positioning  accuracy de- 
teriorated  with  distance  such  refinement  is  hardly  justi- 
fied.) In fact,  t'he  autocorrelations  serve  very  nicely  to 
show major  differences in the u and v components. In  
the  longitudinal  component'  Flight 4 shows a marked 
cyclic character  with  the  period of the oscillations 12 to 
41 rrlin. In contrast,  Flight 3 is  much  more  irregular  with 
what  periodicity  there  is  varying  from 16 to 38 min. 
although  the  average  period  is  near 25 min.,  almost twice 
that' of its  companion. KO obvious  explanation comes to 
mind  nor  is  there  any  obvious  relation  to  the v or w 
components. If we now look at   the  v autocorrelations 
in  figure 12 we find that  Flight 3 here  shows  more  frequent 
oscillations and  the  average  period of 25 min.  is  the  same 
a s  the u period  for the  same  flight.  In Flight' 4 the v 
period  seems  confined  primarily  to  a  long (78-min.) 
period.  Before  leaving  this  component,  note  that for 
about'  the  first 50 rnin. the  autocorrelations  are  almost 
exactly 180" out of phase,  and  in  fact  the v component 
stays  out of phase for most of the  flight. 

Before  proceeding  to  the  vertical  component  data we 
must slso recognize the  large differences in  the  absolute 



values of these  statistics.  Since  the  tetroons  were  from 
identical  stock,  launched  in as nearly  identical  condit,ion 
as possible, and  subject  to  the  same  positioning  error 
possibilities, it  must  be  concluded  that  the  observed 
differences are  due  to  real  atmospheric  differences. 

Turning  now to the  vertical  wind  component we can 
see that  these  autocorrelations  are  much  more  nearly 
alike. If we lean  most  heavily on the  early  portion of the 
flights,  when the  positioning was more  frequent  and  more 
accurate  and  for  which  the  mathematics of this  statistic 
are  better  behaved,  the  t'wo  flights  are,  qualitativoly, 
alnlost identicwl. Both  flights  show  major  and  repetitious 
periods  which  average 41 min.  in  lengt'h  for  Flight 3 and 
43 min.  for  Flight' 4. The  phase  relationship  is tdso very 
similar  and  stays  about  the  same  with  Flight 3 about 90" 
(10 rnin.)  ahead  even  though  Flight 3 overtook  and  passed 
its  companion. 

It has been shown that  the  tetroons  respond  closely  to 
the  theoretical  periodicities  expected of air  parcels.  Since 
me infer  from the  existing  weather  the  lapse  rat'e was very 
near  the  dry  adiabatic,  these 40+ nlin.  periods  are of the 
appropriate  length. It is also of interest  that silnilar 

periods  were  observed  under  unstable  conditions  at Las 
Vegus [2] although  the  vertical  turbulence  intensit'y was 
gretrter  there by a factor of 3 or  more.  Thus  the period of 
the  vertical  turbulent  fluctuations  appears urltlffect'ed by 
vertical  turbulence  intensity. 

From  the  above discussion we can  conclude  that t'he 
component  motions  sensed by the  pair of tetroons showed 
t,he  most  coherent  organizatiorl  in  the  vertical, and least 
in  the  longitutlirtal  direction. 

A find note or1 the differences in the  statistics of these 
two  flights  is  offered.  Gifford [9] shows  the running 
111ea11 statistic ol the wind  components  can be used to 
obtain  mean square dispersion  values  vital to atrnospheric 
dispersion study. For  the ltrt'eral spreading  this becomes 

where n'2( tn .2  set."') is the rurlnirlg mean  variance obtained 
over  the  appropriate  time  interval, arid T=dispersion 
time (sec.). 

Thc yz values were  cornput'etl for Flights :3 a n t 1  4 and 

- 

- 
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are  shown in  figure 14. Out'  to about 20 inin. the  Inem 
square  dispersion  is  less  for  Flight  4 by a factor of -2. 
However  after 20 min.  the roles  are  interchanged and 
Flight  4  gives  larger  values of this  stat,istic  again by a 
factor of about 2 .  These differences are  not  unduly 
large but the result  does  reinforce  the  suggestion of 
Angel1 [IO] on the  development of a clinlntology J'roln :L 
number of flights rather  than  utilization of a single fliglrt 
for estinlat'es of diffusion. 

c. METEOROLOGICAL  PARAMETERS 

It' has been  previously  mentioned  (section 4.b.) how 
wind speed  profile data were  comput'etl. Thus we have 
a measure of 6u/6z .  J t  is of course  tinle and spathe depend- 
ent  but t'hen so are  pilot  balloon and rawin  data which 
have  been  used for the  same  purpose  and our statistics 
are bet'ter  than a single  u-inds-aloft  measuretnent~. 

Since we have u and w, we can  obtain the turbulent 
fluctuations u' and w'. Fronl  these  one w n  cxornpute thcx  
shearing  stress 7 [ I I ] ,  

7 = " P U ' W '  
- 

where  p=nir. density and u', w'=longit~~dinrtl and vertical 
turbulent wind fluctuatmions. 

An attempt was lr~atle  to do this  for 100-In. height 
intervals  using  derived  values of density from the NACA 
Standard Atrnosphere [la]. (The nearest  radiosonde  in 
the warm air nluss  wit'hin  which  Flights 3 and 4 t'ook place 
was Nashville, Tenn., too far to be considered  representa- 
tive.)  One would have  liked t,o determine  the  variation 
of shearing  stress  wit,h  height ; however,  this  attempt was 
unsuccessful  because OI insufficient tlat'a wit'llin all except 
the  450-550 and 550-650-m. layers.  Nevertheless, t'he 
d a t a  used  in this  calculation  are  shown in table 2. The 
lack of sufficient' data could be  remedied by making  serial 
releases during  relatively  stetltly  state macro-meteorologi- 
C R I  conditions. 

The  data of' table 2 and the information on 6u/6z can 
be used to  calculate  another  parameter of int'erest,  namely 
tlle eddy  energy  dissipation (e). Recent  papers  by 
Let tau [lS] and by Bull  [14] have collect'ed data on eddy 
energy  dissipation rate versus  height  determined by a 
variety of rnetllotls. Wit'h  our  data we calculate E by 
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where u' and w' are the  longitudinal  :t~ld  vertical wind 
fluctuat'ions and 6u /6z  is  t'he  tetroon-derived  speed  shear. 
While this  is  strictly  valid orlly for neutral (dry tdinbtttic 
lapse rate)  shbilit,y,  at'  t'he t>irrle and height  ol  these d a t a  

the  lapse rate rllust have been 17ery close t,o neutral. A 
further  restrirt'ior~ is t'hrtt, e should be equal  to  the  rate ol' 
product8ion  t'hrough  shewing  stresses  (i.e.,  stead>- s h t e ) .  

If we confine  ourselves  t'o the  layer cent'ered a t  600 111. 

where we have  a  comparable  number of observations (see 
table 2 )  and w e  the  average  shear (0.0031 sec.") from a 
combination of Flights 3 and 4 E is computed  to be i3.78 
cm.2 for  Flight' 3 and 5.86 crn.' s e ~ . - ~  for  Flight 4. 
If we refer these  values  to B d ' s  [14] figure 3 or to  1,ett:tu's 
[I31 figure I it is  seen  t'hat  t'he  vdues, while slightly  larger, 
are  consist'ent  with  the  results of other  investigators. Use 
of the  larger u'w' values from Flight 3 at' 700, 800, and 
900 m. would vary (increase) E by only a factor of about 2 
since 6u/6z is reduced by nearly )h  through  this  thicker 
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It is also  possible  t'o derive  statistics  giving a measure of 
the  anlourlt of stirring or "turbulence  intensity"  in  the 
at>mosphere.  This has been  done  wit'll  previous  tetroon 
flights and similar data  are  included  here  (table 3) for 
comparison. The  values  for  the  two  flights diff'er, but 
not  radically. The  pertinent  statistic for  conlparison  with 
ot'her tetroon  flights  is  probably  verticd  turbulence  in- 
tensity.  The  average  value  for  these  runs (0.12) is larger 
than  the  over-water  values (0.07) from Wallops  Island [3J 
and  smaller than  the  desert  data (0.35 for  the  daylight 
flights) obtained  at Las Vegas [ 2 ] .  Thus  this  value for 
moderate  convection  in  rolling  Midwestern  terrain  falls 
between the  two  extremes  as  might  be expecked. 

Finally,  the  training of most  present  day rrleteorologists 
leads then1 to examine the geornet'ry of t'lleir experiments 
to see if evidence of pat'terns  or  order  emerge.  Figures 
15, 16, and 17 perform  this  function for Flights 3 and 4. 
These data  show  the  unsnloothed  tetroon  positions  in  the 
vertical and  transverse  plane as one  would  see them look- 
ing downwind.  The helical character of the patterns  is 

TABLE 3.-Three-dimensional wind staiistics 

Flight 1 ~ 1 7;; I 1 u. ~ aw I us/; 1 c,/K ~ u,/, 

". 

(kt.)  (kt.)  (kt.)  (kt.)  (kt.)  (kt.) 

3- "" ~.. . 0.48 0.028 1.84  1.26 1.45 0.199 0.137 0.158 
4 ..-...... 1 ::; ~ 0.438 1 0.036 I 1.9R I 1.67 1 0.95 I 0.201 I 0.170 I 0.097 

irnrnecliately evident' and we see that for  the first 50 nlirl. 
there are two  opposing helical circulations.  Slight 
sn~oothing of the  data  to reduce the small-scale  vttriabilit'y 
would emphasize t'his  even  further.  Previous  tetroon 
flights have ttlso shown  helical  circulations but  the two- 
tetroon flights are the first that could  show  evidence of 
opposing circulations of this  type  and on this scale. 

( 'ornptuison of the dimensions of these  circulations  with 
the  dirne~~sions  inferred by Woodcock [15] from  gull soar- 
ing shows very good agreetnent. Woodcock's  figure 4 
gives the totd  lateral  extent' of two  opposing  helices as 
1000 111. and the  vertical  extent as 500 in.  The  tetroon 
flights  show n lateral  distance of 1600 m. and a vertical 
dinlension  very close to 500 nl. Gifford [16] measured 
circulttt,ions very  similar t'o these a t  Oak  Ridge using 
"neutral" btLlloons and  theodolites. 

Beyond 50 min. the picture  is less perfect but   a t  this 
time the two  t'etroons were  following very closely the  same 
trajeet,ory  until  about' 85 min. after release. Even for 
this  period  and  particularly  after  this  time  there  is st'ill 
evidence of helices and  near  the  end of the flights the cir- 
culations  are trgtlin in  opposition. 

The  causative factors for t'llese  circulations  are not 
known.  ('incinnnti  pilot  balloon d a h   a t  1700 GMT indi- 
cated  t'hat  over the first 600 In. the  wind shear  vector was 
oriented  toward 90' at   about 2 m. see.", while  from 600 
to 1200 m .  t'he  shear  vector  was  oriented nort'lr to  sout,h 
at' 0 nl. sec." Thus one has the choice of having  the 
helices parallel to  the  shear  in  t'he  layer  in which the 
llelices occurred, or perpendiculaT to  the shear  in  the  layer 
just  above  the  helical  circulations. In   the absence of good 
radiosonde  data  (perhaps  there  was  a  slight  cappin,  lnvw- ' 

sion, or more  stable  layer,  above 600 111. ?) these  experi- 
ments  can  provide  no  definite  answers  to  the re1at)ion 
between  the  circulations,  atmospheric  stability,  and wind 
shear. In  spite of the  paucity of data  i t  is inlornmtive  to 
estrrnitle these  circulations  in  the  light of Townsend's [I71 
tmllyses of' "Motion of Large  Eddies",  particularly his 
comments on  t'lle relation  between  the  inclination of the 
circdat>ion  plane of the eddies to  the mean wind and  the 
growth :md dissipation of these  circulations.  This angle 
is e d y  calculated from figures 15 and 16 for both flights. 
The  t,mgent ol this  angle is simply  the  ratio of the  total 
vertical  extent of t'lle eddy  divided  by  the  horizontal 
(listarm t'raveled  during  one  complete  circuit of the helix. 

'l'hese distunc*es were determined  for  Flights 3 and 4. 
I his  gives inclination  angles  between  the  plane of the cir- 
cultit'ion and the mean  wind of 4 O  or 5' during  the well- 
developed eddy. These  are small, as required by 
Townsend's  :~nalysis. 

Later in the flights,  between 5 3  and 84 min.,  these  angles 
increased to 12' for Flight 3 and 1 3 O  for Flight 4 while the 
circulations  were  deteriorating.  This  behavior is in  the 
correct sense (i.e.  increasing  inclination)  although  Town- 
send  predicts  eddy  destruction  only  after  the  plane of 
circulation is perpendicular  to  the  mean flow. The  area 
of the  circulation  should also decrease as the angle  increases 

r 3  
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and a glance a t  figures 15 and 16 also confirms  this 5. CONCLUSIONS 

data  to  permit  further  quantitative  evaluation of this a. Weather radar-tetroons-transponders can  be used to 
approach  and  would offer a tool for determining  t'he obt'ain air trajectories near the  ground  and  over distances 
changing rate of energy  removal from the mean flow. of 10 to 20 mi. or more. 
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b.  Alternate  positioning  permits  the  sirnultuncous 
laurlcll ant1 tracking of two  t’etroons  with a single radar  and 
thus  renders  the  classic  “two-part’icle”  dispersion  experi- 
ment  feasible  over  ranges of tens of miles. 

c. The single  two-tetroon  release  showed  definite  peri- 
odicities in  the  rate of “particle”  separation,  with  negative 
separatioll  rat’es  (balloons  moved closer toget,her)  over 
several  extended  intervals. 

d.  Vertical  motion  periods conlluensur:Lte with  the 
lapse rate were  again  observed  and  these  appe:~r  to  be 
independent of turbulence  intensity. 

e.  Positive  tetroon  separation  rates  (with  the  c-autionwy 
note that  this is a single  experiment’,  not  the  required 
“enselnble”)  showed  rates  proportional  to  time  which 
changed I‘roln ti proportionality  according  to t2 during  the 
early stages  to t3 or  even t4 over  later  sections of the experi- 
ment.  However,  the  average  separation  rate  over the  
entire  two-tetroon  flight  was  proportional to  t 2  or slightly 
less. 

f .  Eddy energy  dissipation  rates  directly  available  from 
these d:\t:\ are  in good agreement  with detern1in:ttions by 
other  very  different  techniques. 

g. The early,  best  ordered,  portion of t,lle paired  flights 
(0 to 50 Illin.)  showed  adjacent helictd circulations in t,he 
opposite  sense  extending  over a downwind  distance ol‘ 
about 8 11. mi.  The  dimensions of‘ these  circulations  are 
nearly identicd  to  those  observed  over  the  open  ocean. 

Thus  these  limited  experiments  which  successfully 
achieved the designed  objective  have,  in  addition,  added 
to our  lilnited  knowledge of low-level atmospheric  behav- 
ior. They also indicat’e  very  clearly  the  complexity of 
this  behavior  and  the  promise of this  technique  in  studying 
these  colnplexities. 
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